Abstract Heterogeneous transesterification of vegetable oils offers an environmentally more attractive option for biodiesel production compared with the conventional homogeneous processes. Thus, double metallic methoxide catalyst was developed in the present study, aiming to improve the transesterification of low-cost palm stearin (PS) and reduce waste generation. The physicochemical properties of the synthesized catalyst were studied by various techniques such as X-ray diffraction, field-emission scanning electron microscopy, temperature-programmed desorption-CO 2 coupled with mass spectrometry, and Brunauer-Emmett-Teller surface area analyses. The optimum parameters were obtained via the response surface methodology coupled with a central composite design. Transesterification with the highest biodiesel yield of 98 % was obtained using 3 % catalyst loading, methanolto-PS ratio of 11:1, 125 min reaction time, and 70°C temperature. This catalyst appears to be a promising candidate to replace homogeneous catalysts for biodiesel production, as it required short reaction duration and offered high reusability.
Introduction
Increasing awareness of depletion of fossil-fuel resources and greenhouse-gas emissions due to fossil-fuel combustion has resulted in these becoming major concerns in many countries around the world [1] . Many researchers have started to utilize lipids from biomass to supply power usage, due to the gradual increases in the price of petroleum, limited resources of fossil oils, and environmental concerns. The environmental benefits of biodiesel have made it increasingly attractive recently [2] . Biodiesel is defined as non-petroleum-based diesel fuel which is derived from fats and oils from biomass and used as fuel to generate power in ordinary diesel engines [3] . Animal fats and vegetable oils belong to the lipids, being essential products of the metabolism of living things, functioning as energy storage. However, there are many problems when considering use of animal lipids in diesel engines, such as the large molecular size of triglycerides, high viscosity, and low combustion efficiency. All of these can be solved if the oils and fats are chemically modified to biodiesel, which has properties similar to petroleum-based diesel. Many refined virgin vegetable oils, such as palm, canola, soybean, and corn oils, have been used to produce biodiesel in industry as petroleum diesel substitutes. Due to the high cost of cooking oils, palm stearin (PS) may become a promising alternative feedstock for biodiesel production. PS is the solid fraction obtained by fractionation of palm oil after crystallization at a controlled temperature. It is not used directly for food purposes due to its high melting point ranging from 44 to 56°C [4] . The liquid fraction is known as palm olein, being more expensive as compared with the solid fraction due to its wider usage. The physical characteristics of PS differ significantly from those of palm olein. It contains 1-2 % myristic acid, 47-74 % palmitic acid, 4-6 % stearic acid, 16-37 % oleic acid, and 3-10 % linoleic acid [5] . The high degree of saturation of PS poses problems for the manufacture of edible fats such as margarine and shortening, as it confers low plasticity to the end product, thus limiting commercial exploitation of this material [5] .
In the transesterification reaction, triglyceride is subjected to methanol in the presence of catalyst, ultimately leading to the formation of fatty acid methyl ester (FAME) with glycerol as by-product [6] . Current biodiesel production mostly uses homogeneous base catalysts such as potassium hydroxide, sodium hydroxide, and sodium methoxide. The reasons for their utilization may be due to their better conversion rate with short reaction time, low cost, and wide availability. However, use of these homogeneous catalysts leads to several problems, mainly the need for high-quality refined oil as feedstock, that the catalyst cannot be reused, soap formation, and wastewater treatment [7] . Therefore, these problems induce a need to develop stable heterogeneous catalysts for the transesterification reaction. Alkaline metal oxides, especially calcium oxide, have been well studied by many researchers due to their low solubility in methanol and high basicity [8] . Theoretically, metal methoxide is more basic than oxides of alkaline-earth metals. Calcium methoxide, a solid material with very low solubility in methanol, appeared to be a promising catalyst for transesterification of soybean oil with methanol [9] . Activated carbonsupported solid catalyst for biodiesel production from PS has been reported by Buasri et al. [10] . However, the biodiesel yield was still insufficient for practical applications, and this lack of activity is usually compensated by a longer reaction time. For instance, the maximum conversion of triglyceride reached 90 % after 6 h, when using a 25:1 ratio of methanol to oil and 295 mm packed bed height of catalyst. Hence, the aim of this work is to improve the biodiesel yield from transesterification of PS using a zirconia-supported calcium methoxide catalyst. This catalyst was chosen because it can be easily synthesized, possesses good support properties, and is commercially available. The response surface methodology (RSM) with a central composite design (CCD) was used to determine the optimum parameters for the transesterification reaction.
Methodology
Chemicals PS feedstock was obtained from PGEO Edible Oils Sdn. Bhd. Its composition was determined using the gas chromatography-flame ionization detector (GC-FID) technique to obtain the appropriate molecular weight of the feedstock. The main components of PS are summarized in Table 1 . Methyl ester standards, namely methyl oleate, methyl stearate, methyl palmitate, and methyl heptadodecanoate, were purchased from Supelco, USA. Analytical-grade methanol and high-performance liquid chromatography (HPLC)-grade hexane (99.9 %) were purchased from Fisher Scientific, UK. Calcium granules with particle size of 2-6 mm were purchased from Merck, Germany. The catalyst support, ZrO 2 , was purchased from R&M chemicals.
Catalyst preparation
Five grams of calcium granules and 15.38 g zirconium dioxide (1:1 mol ratio) were mixed with 100 mL methanol. The reaction (Eq. 1) was carried out in a nitrogen gas flow at 65°C for 2 h in a sonication bath [Elmasonic S 100/(H), 37 kHz]. The resultant white precipitate was then recovered by centrifugation and dried at 100°C in a vacuum oven for 18 h. The catalyst supported on zirconium dioxide is denoted as CMSS. 
Catalyst characterization X-ray diffraction (XRD) analysis was carried out using a Shimadzu diffractometer model XRD-6000 with Cu K a radiation to generate diffraction patterns from powder crystalline samples at ambient temperature. Scanning electron microscopy (SEM) analysis was carried out using a JSM-6701 F field-emission electron microscope. The total surface area of the catalyst was measured by the Brunauer-Emmett-Teller (BET) method, and the pore size distribution was calculated via the Barrett-JoynerHalenda (BJH) method using nitrogen adsorption-desorption at -196°C. This was done using a Quantachrome AS1Win instrument. The basicity of the solid base catalyst was determined by temperature-programmed desorption of carbon dioxide (TPD-CO 2 ) using a ThermoFinnigan TPD/R/O 1100 apparatus with a thermal conductivity detector (TCD) coupled with an online mass spectrometer.
Transesterification reaction
In a batch process, all reactions were performed in a close-system autoclave reactor. The reaction temperatures studied were 55, 60, 70, 80, 90, and 100°C. The studied points for reaction duration were 30, 60, 90, 120, 150, and 180 min. The effect of catalyst concentration was investigated from 0.5 to 6 %. The methanol-to-PS molar ratio values were 6:1, 12:1, 18:1, 24:1, and 30:1. After completion of the reaction, the catalyst was recovered from the reaction mixture by centrifugation (Fig. 1a) . The filtrate was then centrifuged at a relative centrifugal force of 2500g for 10 min, then excess methanol was evaporated using rotary evaporation (Fig. 1b) . The samples were analyzed using a Shimadzu GC 2010 gas chromatograph equipped with a flame ionization detector (FID) and a capillary column Rtx-65 (ID 0.32 mm; length 30 m; film thickness 0.25 mm). The FAME yield was calculated using the following equation, modified from the EN14103 testing method [6] :
where P A is the total peak area of methyl ester, A EI is the peak area of internal standard (methyl heptadecanoate), C EI is the concentration of internal standard solution used in mg/mL, V EI is the volume of internal standard solution used in mL, and m is the mass of sample in mg.
Response surface methodology (RSM)
A suitable range of parameters were introduced into Design Expert 8.0.7 software, and the optimum conditions were obtained via CCD software.
Results and discussion
Structure of the catalyst Ca(OCH 3 ) 2 , whereas 28.3°, 31.5°, 34.2°, and 50.2°correspond to (001), (-111), (111), (002), and (220) planes of ZrO 2 . The first reflection plane at 2h = 10.7°is the characteristic peak of calcium methoxide, being responsible for the transesterification reaction [11] . This indicates that the catalyst was well integrated into the support's matrix. However, the ZrO 2 was highly crystalline and gave the dominant diffractions in the figure as compared with Ca(OCH 3 ) 2 . Therefore, the intensity of the peaks should not be proportional to the actual ratio between catalyst and support. The crystallite size was calculated theoretically using the Debye-Scherrer equation using the five main planes,
where t is the crystallite size for plane (hkl), k is the Cu K a X-ray radiation wavelength, b hkl is the full-width at half-maximum (FWHM) of the (hkl) peak in radians, and h hkl is the diffraction angle for (hkl) [12] . The FWHM of a reflection peak was used to determine the crystallite size of the plane associated with the reflection. Table 2 presents the crystallite size of reflection planes of the five major peaks, with values in the range of 15-26 nm. From the same table, one notes that the crystallite size of the catalyst was relatively small as compared with that of zirconia.
Morphology and texture of the catalyst Figure 3 shows the surface morphologies of the CMSS catalyst and zirconia. Figure 1a clearly demonstrates the Ca(OCH 3 ) 2 catalyst consisting of similar, spherical-like particles with size of about 200 nm, well distributed and anchored on the surface of zirconia. The catalyst morphology was different from the thin plate [13] and rod-shaped [14] aggregates on micrometer scale obtained using different preparation methods. Comparing with our previous study, bulk Ca(OCH 3 ) 2 (CMS) obtained using the same preparation method was of nanoparticle size, i.e., 34 nm. However, the particle size was significantly enhanced with the presence of the support. The surface area of CMSS was 26 m 2 g -1 , relatively low as compared with . This may be due to the larger particle size of the catalyst and the contribution from the microscale zirconia support. In spite of this, the surface area of CMSS is comparable to values for pure Ca(OCH 3 ) 2 catalysts reported in literature [11] . Furthermore, the average pore diameter and total pore volume of the catalyst were 174 Å and 0.145 cm 3 g -1 , respectively. Figure 4 shows a comparison of the pore size distribution between CMS and CMSS catalyst. Both catalysts demonstrate mesoporous nature with most of the surface being occupied by pores of 100-500 Å . The mesoporous structure with high surface area may provide good approachability for large organic molecules to absorb on active sites, ultimately improving the effectiveness of the catalyst [15] . As compared with bulk Ca(OCH 3 ) 2 catalyst, the zirconia-supported Ca(OCH 3 ) 2 catalyst possessed lower pore volume distribution, which may be due to the solid nature of the support and that there was a relatively smaller amount of catalyst that could contribute to the desorption volume. There was also a large surface covered by macropores with diameter of 500-2000 Å . This can be explained by the contribution from the space between particles in the catalyst, and it may give an advantage in mass transfer between the reactants and products during the catalytic reaction.
Basicity of the catalyst
The basicity of the CMSS catalyst was investigated via TPD-CO 2 coupled with mass spectrometry. The CO 2 species that absorbed on the catalyst can be determined via the respective analysis. Figures 5 and 6 Fig. 4 , the TCD signals show two peaks with maximum at 443 and 670°C, with amount of desorbed species equal to 3.4 9 10 -3 and 0.8 9 10
-3 mol g -1 , respectively. The first peak maximum was associated with desorption of methoxide, oxygen, water, and carbon monoxide fragments. The abundance of the methoxide and oxygen ion fragments was high, which may indicate decomposition of the catalyst at 443°C. The shoulder attached to the first Total desorbed species removed 5.4 9 10 -3 desorption peak is mainly the contribution of CO ? . Furthermore, the latter peak maximum at 670°C can be referred to release of CO ? and CO 2 ? fragments. The well-developed CO 2 ? signal may be imputable from the decomposition of calcium carbonate formed during the initial disintegration of the catalyst. Hence, the amount of CO 2 species that desorbed can be treat as a blank to obtain the real basicity. This result proves that the TCD signal of CMSS catalyst was not solely contributed by the desorbed carbon dioxide species, but also that other desorbed species may also take part in constructing the TCD signal.
As shown in Fig. 6 , 1 h of CO 2 chemisorption resulted in prominent changes to the catalyst. However, there were also two maximum peaks observed in the TCD signal, at 450 and 723°C. The amount of desorbed species for the first desorption peak was 3.6 9 10 -3 mol g -1
, being quite similar to the previous result. However, there was a slight reduction in the OCH 3 ? and O 2 ? fragments that desorbed from the catalyst. This may indicate that the introduction of CO 2 gas may, to some extent, alter the phase of the Ca(OCH 3 ) 2 catalyst. Interestingly, the amount of CO 2 desorption showed a pronounced increment from 0.6 9 10 -3 to 1.5 9 10 -3 mol g -1 after the chemisorption process (Table 3 ). This result indicates that the introduction of carbon dioxide brought about a phase change in the CMSS catalyst before the thermal desorption analysis, which we believe to correspond to the significant amount of calcium carbonate generated after the CO 2 chemisorption. Therefore, the actual amount of CO 2 species that chemisorbed on the catalyst was 0.9 9 10 -3 mol g
, which may be considered as representative of the basicity of the synthesized catalyst. This value is relatively high compared with other solid base catalysts [16] , being an indication for good catalytic performance of the catalyst in transesterification.
Trends (one-variable-at-a-time) study toward transesterification of PS
Significant parameters affecting the esterification process were determined via a one-variable-at-a-time (OVAT) approach. Furthermore, the significant parameters and their studied range were employed in subsequent RSM study. Therefore, the accuracy of RSM can be improved and the relation between the significant parameters can be well studied via the RSM model. In this study, the general fixed values for these five parameters, i.e., temperature, reaction duration, catalyst concentration, methanol-to-PS molar ratio, and stirring speed, were 70°C, 60 min, 2 wt.% of PS used, 6:1, and 600 rpm, respectively. The FAME yield from PS can be measured via GC analysis (Eq. 2).
Effect of reaction temperature
Reaction temperature is an important parameter that determines the FAME yield in transesterification. To study the influence of this parameter, the catalytic reaction was conducted from 55 to 100°C with the other parameters kept fixed at reaction time of 60 min, 2 wt.% catalyst, and methanol-to-PS molar ratio of 6:1. The initial reaction temperature was chosen as 55°C, mainly as the melting point of PS is around this temperature. Figure 7 illustrates the trend study of reaction temperature on FAME yield. The FAME content was low at the initial temperature and slowly increased with increasing reaction temperature. This can be explained by the high viscosity of the melted PS, which may lead to low mobility among reactants and result in a low reaction rate. Furthermore, the FAME yield showed a significant increment with increasing temperature and achieved the optimum yield at the higher reaction temperature of 70°C, which will improve the mass transfer limitation among the solid catalyst, reactants, and products [17] . However, above the optimum temperature, the FAME content gradually decreased due to loss and evaporation of methanol during the catalytic reaction [14] . Hence, the optimum temperature of 70°C was used as a fixed parameter value in the RSM model.
Effect of reaction duration
The effect of reaction duration on the transesterification of PS was studied at 30, 60, 90, 120, 150, and 180 min with the other parameters remaining constant. As illustrated in Fig. 8 , the reaction time had an obvious impact on the conversion of PS to FAME. A remarkably increment in the FAME yield was observed from 30 to 90 min, and the FAME content gradually increased to 88 % at 150 min, but there was an obvious decrease at 180 min, which might be due to the action of glycerol that deactivated the catalyst and induced saponification to take place. Therefore, the range of 90-150 min was chosen to use in the RSM design later. Generally, the reaction time used in solid heterogeneous catalysis systems is longer than for transesterification using homogeneous catalysts such as NaOH and KOH, as the latter suffer from fewer problems related to mass transfer limitation [18] . However, the non-reusable nature of homogeneous catalysts and the problem of posttreatment for the product induced research into solid heterogeneous catalysis for this reaction.
Effect of catalyst concentration
The catalyst concentration is another important parameter that influences the transesterification of lipid feedstock. In particular, the activity of a solid Fig. 7 Effect of reaction temperature on FAME yield heterogeneous catalyst mainly relies on the active sites available, which are proportional to the amount of catalyst used in the catalytic reaction. Besides, the pore properties of the catalyst might play a crucial role in the transesterification reaction. The catalyst loading was varied from 0.5 to 6 wt.% compared with the weight of feedstock used, while the other parameters such as the reaction duration, temperature, and molar ratio of methanol to PS were kept constant at 60 min, 70°C, and 6:1, respectively. As shown in Fig. 9 , the 0.5 % catalyst loading gave a very low FAME yield, and there was a noticeable increase in yield from 0.5 to 2 %. This proves that the catalyst concentration has a significant impact on the transesterification reaction. The FAME yield was further increased to the optimum point, i.e., 80 %, at 4 % catalyst loading, above which the yield gradually decreased. This may probably be due to two reasons. First, excess catalyst in the reaction mixture may provide a greater chance for glycerol to recover catalyst. Second, high catalyst loading may lead to a more viscous reaction mixture, hence affecting the mass transfer between reactants and products. Therefore, the range of 1 to 4 % catalyst loading was used in the RSM model.
Effect of methanol molar ratio
The methanol molar ratio is another significant variable that influences the FAME yield. Stoichiometrically, transesterification of 1 mol triglyceride needs at least 3 mol methanol (Eq. 1). Excess methanol may shift the equilibrium to the products side and give greater yield [19] . However, this theoretical assumption might not apply for solid heterogeneous catalysis, as a higher volume of methanol may prevent triglyceride molecules from anchoring on active sites to react [14] . In the current study, the molar ratio of methanol to PS was 6:1, 12:1, 18:1, 24:1, and 30:1 with the other variables kept constant at 70°C, 2 % catalyst, and 60 min. As shown in Fig. 10 , a noticeable increase in the FAME yield was observed from stoichiometric ratio of 6 to 12. However, the FAME content in the products decreased slowly when higher methanol molar ratio was applied in the catalytic reaction. This observation is in agreement with the previous theory that a greater volume of reaction mixture with a small amount of catalyst may lead to a low-yield reaction [14] . Therefore, the methanol-to-PS molar ratio range of 6 to 12 was used in the RSM model.
Statistical study via response surface methodology
The RSM can be used as a statistical tool to determine the optimum point of the variables studied in a model. Therefore, extra use of reactants can be eliminated, leading to lower production costs. Solid base-catalyzed transesterification was run using PS as the feedstock, and the optimum conditions for the catalytic reaction were investigated via CCD; the complete experimental design matrix is shown in Table 4 . The selection of factors and levels was based on the previous trend studies, Fig. 10 Effect of amount of methanol on FAME yield making a significant contribution to the transesterification reaction. The factors chosen were reaction duration (A), catalyst concentration (B), and methanol-to-PS molar ratio (C), whereas the reaction temperature and agitation speed were fixed at 70°C and 600 rpm, respectively. The FAME yield was the only response in the design. The output of the statistical model is summarized in terms of analysis of variance (ANOVA) in Table 5 . The statistical software suggested a response surface quadratic model for the prediction of optimum conditions. The model was confirmed to be significant with a high value of Fisher F-test, i.e., 47.56, and a very low probability value [(prob [ F) \ 0.0001], which may indicate that the variables involved had a very strong effect on the response. This can be confirmed via the terms (A, B, and C) involved in the statistical model, all of which exhibited very high F-values and low (prob [ F), i.e., \0.0001. The accuracy of a model prediction is greatly enhanced when all the studied terms are significant. The Fvalue for ''lack of fit'' was 3.38, implying that lack of fit was not significant relative to the pure error. Furthermore, the high probability value [(prob [ F) \ 0.1037] with low F-value for ''lack of fit'' illustrates its nonsignificance and that the data are well fit by the statistical model. Hence, the model possesses high accuracy for The response surface analysis revealed that the methanol-to-PS molar ratio gave the most significant contribution to the FAME yield, followed by the catalyst concentration and reaction duration and methanol used in the transesterification. This is in agreement with the perturbation plot (Fig. 11) , in which factor C shows the greatest deviation from the reference point when the factors are manipulated from their lower or upper limit. Therefore, the response, i.e., the FAME yield, was highly sensitive to change in factor C. Furthermore, the negative coefficient of the AB interaction indicates that the optimum point might appear within the studied range for both factors. This can be further confirmed via Fig. 12 , which illustrates the curvature effect within the studied range. Besides, the positive coefficients of AC and BC indicate that both of these interactions may act proportionally without an obvious curvature effect observed in the respective graphs and the optimum condition will always appear at the end of the studied range. This may because a higher methanol molar ratio will lead to higher usage of catalyst and reaction time to achieve the optimum reaction conditions. Therefore, use of excess methanol in the transesterification should be prevented. Figure 13 shows the predicted response against the actual response value. This figure illustrates that the predicted values showed a good relation with the actual responses. Hence, the regression model can be used as a good prediction tool to forecast the optimum points. The statistical model predicted that a FAME yield of 99.3 % could be obtained with the following conditions: reaction time of 125 min, catalyst concentration of 3.1 %, methanol-to-PS molar ratio of 11:1, and reaction temperature of 70°C. The transesterification was carried out using these optimum parameters obtained from the statistical model, and the actual FAME yield was 97.7 %. The actual response was close to the predicted conversion (about 1.7 % error), and this result further proves the high validity of the predicted conditions as well as the regression model. A chromatogram of the optimized sample is shown in Fig. 14. Methyl heptadecanoate (C17:0) was used as an internal standard for the measurement, and the biodiesel contained two main methyl esters, i.e., methyl oleate (C18:1) and methyl palmitate (C16:0). The presence of methyl oleate explains why the biodiesel retained the liquid state. Besides, comparison with the bulk nanoparticle calcium methoxide used in our previous research was carried out to investigate the effect of the catalyst's support on the FAME yield. The bulk catalyst was able to yield a FAME content of 94.7 % with the following reaction conditions: reaction time of 174 min, catalyst concentration of 1.1 %, methanol-to-PS molar ratio of 6:1, and reaction temperature of 72°C. The presence of zirconia in the catalyst led to a significantly shorter reaction duration, as it provided surface for the active catalyst to anchor and eventually stabilized the ultrafine catalyst particles. However, the amount of CMSS catalyst (3.1 %) used was relatively high as compared with the CMS catalyst (1.1 %). This may mainly be referable to the lower content of active phase per unit mass of catalyst. 
Reusability of catalyst
After transesterification, the catalyst was separated from the reaction mixture via centrifugation. The retrieved catalyst was reused under the identical optimized reaction parameters. As shown in Fig. 15 , the activity of the retrieved catalyst dropped after a few reaction cycles. The initial FAME yield was 97.7 %, but the FAME content dropped slowly to 59.2 % after ten reaction cycles. Catalyst deactivation was the main cause of the drop in the FAME yield. Catalyst loss also had a negative influence on subsequent reactions. Leaching of calcium element was tested via AAS elemental analysis of the biodiesel samples from this reusability series. As presented in Table 6 , the calcium content in these products was in the range of 0.2-1.3 ppm, and these values are under the maximum limit (\5 ppm) set according to the European standard testing method [20] . Conclusions XRD analysis effectively demonstrated that calcium methoxide was well integrated with the zirconia support. The synthesized catalyst showed high affinity for CO 2 gas and exhibited strong basicity. Besides, the trend study showed that the reaction duration, catalyst concentration, and methanol-to-PS molar ratio were significant parameters for the transesterification reaction. Furthermore, interactions between the significant variables were well studied via the RSM statistical method. The optimized parameter values generated by statistical software were reaction time of 125 min, catalyst loading of 3.1 %, methanol-to-PS molar ratio of 11:1, and 70°C as fixed parameter. The supported catalyst gave a high FAME yield of 98 % on the first run. However, the performance of the retrieved catalyst decreased due to dissolution of the catalyst. These results show that the supported catalyst has good stability and reusability as compared with bulk catalyst. Therefore, the synthesized catalyst possesses high potential to replace currently adopted homogeneous catalysts for the transesterification reaction. Fig. 15 Reusability test of catalyst Table 6 Calcium content in biodiesel samples Cycle FAME yield (%) Ca content (ppm)
